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ABSTRACT
The gravitational wave detection by LIGO-Virgo scientific collaboration show that the binary black
hole (BBH) systems with BH mass of tens of solar masses widely exist in the universe. Two main types
of scenarios have been invoked for the formation of BBH systems, including isolated binary evolution
in galactic fields and dynamical interactions in dense environments. Here we propose that if the BBH
systems are formed from isolated binary evolution, the supernova signal associated with the second
core collapse would show some identifiable features, due to the accretion feedback from the companion
BH. Depending on the binary properties, we show that the supernova lightcurve could present a sharp
peak around ∼ 10 days, with luminosity even at the level of the super luminous supernovae ( e.g.
∼ 1044 erg s−1) or present a plateau feature lasting for several tens of days with regular luminosity of
core collapse supernovae. Comparing the event rate density of these special supernova signals with the
event rate density of LIGO-Virgo detected BBH systems could help to distinguish the BBH formation
channel.
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1. INTRODUCTION
With the first detection of binary black hole (BBH)
coalescence signal, GW150914 (Abbott et al. 2016),
the LIGO-Virgo scientific collaboration (LVC) opened
up the field of gravitational-wave astrophysics. In
the first two observing runs (O1 and O2), LVC dis-
covered another nine BBH merger events, providing
an estimates of the BBH merger rate density R =
53.2+55.8−28.2 Gpc
−3 yr−1(Abbott et al. 2019). During the
third observing run (O3), more BBH merger events are
continued to be discovered with some interesting special
cases, such as coalescence with asymmetric masses [e.g.
GW190412 (Abbott et al. 2020a) and GW190814 (Ab-
bott et al. 2020b)].
The formation channel of BBH systems is still under
debated. Two main types of scenarios have been invoked
for the formation of BBH systems, including isolated bi-
nary evolution in galactic fields (Tutukov & Yungelson
1973; Lipunov et al. 1997; Belczynski et al. 2016) and
dynamical interactions in dense environments (Sigurds-
son & Hernquist 1993; Portegies Zwart & McMillan 2000;
Rodriguez et al. 2015). In the binary evolution scenario,
the faster evolving star first produced a BH through core
collapse, forming a BH + massive star binary. After a
certain time delay, the second core-collapse event would
lead to a BBH system formation. Two core collapses are
likely to be accompanied by two supernova (SN) explo-
sions.
In this letter, we propose that the second SN explo-
sion will be special because it has a very close black hole
as its companion star. When the SN material expands
and approaches to the companion BH, a violent accretion
process could trigger strong feedback to the SN explo-
sion. Here we show that once the feedback is energetic
enough, the second SN would present some identifiable
signatures. Comparing the event rate density of these
special supernova signals with the event rate density of
LIGO-Virgo detected BBH systems could help to distin-
guish the BBH formation channel.
2. MODEL DESCRIPTION
Consider a binary system with a massive star and a
companion BH (with a mass MBH), where the orbital
separation is d. When the massive star explodes as a
SN, a total mass of Mej could be ejected with an explo-
sion energy Esn. Based on numerical simulations of SN
explosions, the density profile of SN ejecta could be de-
scribed by a broken power-law (Matzner & McKee 1999)
ρej(v, t) =
 ζρ
Mej
v3trt
3
(
r
vtrt
)−δ
, vej,min 6 v < vtr
ζρ
Mej
v3trt
3
(
r
vtrt
)−n
, vtr 6 v 6 vej,max
(1)
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2where the transition velocity vtr could be obtained from
the density continuity condition
vtr = ζv
(
Esn
Mej
)1/2
' 1.2× 104km s−1
(
Esn
1051erg
)1/2(
Mej
M
)−1/2
.
The numerical coefficients depend on the density power-
indices as (Kasen et al. 2016)
ζρ =
(n− 3)(3− δ)
4pi(n− δ) , ζv =
[
2(5− δ)(n− 5)
(n− 3)(3− δ)
]1/2
. (2)
For core-collapse SNe, the typical values of the density
power-indices are δ = 1, n = 10 (Chevalier & Soker
1989).
Here we assume that the SN ejecta undergoes a homol-
ogous expansion i.e., r = vt, where the inner boundary
of the ejecta could be defined by the slowest ejecta,
Rmin(t) = Rmin,0 + vej,mint, (3)
where vej,min is the minimum velocity of the ejecta and
Rmin,0 is the initial radius of the innermost radius when
the explosion enters the homologous phase. Similarly,
the outermost layer of the SN ejecta should be
Rmax = Rmax,0 + vej,maxt, (4)
where vej,max is the maximum velocity of the ejecta and
Rmax,0 is the initial radius of the outermost radius in the
homologous phase.
With the expansion, a good fraction of the SN material
would enter and be trapped by the gravitational potential
of the companion BH. If one takes spherical coordinate
with origin at the center of the BH, the gravitational
binding energy for an SN ejecta element with mass m
would be Egra = GMBHm/r. If this gravitational bind-
ing energy larger than the kinetic energy of this element
1
2mv
2, it will be trapped and accreted by the central BH.
We thus define an accretion radius of the BH as
Racc =
2GMBH
v2
' 5.3×109cm
(
MBH
20M
)( v
104km s−1
)−2
.
(5)
When the outermost radius of SN ejecta reach d−Racc,
the outer part SN ejecta with ρej ∝ r−n begins to fall
into the BH. The time for the falling process is set as
tstart =
d−Racc −Rmax,0
vej,max
∼ 104 s
(
d
1013cm
)( vej,max
104km s−1
)−1
.
(6)
In this phase, the material falling rate is
M˙ = 2piR2accvρej,
=
8piG2M2BH
d3
ζρ
Mej
v3tr
(
d
vtrt
)−n
, tstart 6 t < ttr,
(7)
where ttr ∼ d/vtr is the characteristic time when the
falling region reaches down to the inner part ejecta,
namely when the velocity of falling ejecta element v be-
comes the transition velocity vtr. The falling rate at the
characteristic time is
M˙tr '4.1× 10−9M s−1
(
Mej
10M
)5/2(
MBH
20M
)2
×
×
(
d
1013cm
)−3(
Esn
1051erg
)−3/2
.
(8)
When t > ttr, the density structure of the SN ejecta
falling into the BH starts to follow ρej ∝ r−δ, so that the
falling rate becomes
M˙ = M˙tr
(
t
ttr
)δ
, ttr 6 t 6 tend, (9)
where tend ∼ d/vej,min is taken as the termination
timescale of the falling process. The accretion timescale
could be estimated as tacc ∼ tff/α, where α ∼ 0.1−0.01 is
the standard dimensionless viscosity parameter (Shakura
& Sunyaev 1973) and tff is the timescale for material
freely falling from Racc to the BH, which is
tff =
(
3pi
32G
4pi
3 R
3
acc
MBH
)1/2
= 0.68 s
(
Racc
109cm
)3/2(
MBH
20M
)−1/2
. (10)
Obviously, the accretion timescale is much smaller than
the dynamical timescale. We thus take the fast accretion
approximation and assume the BH accretion rate M˙acc
roughly equals to the falling rate M˙ . According to Eq.
8, the accretion process is super-Eddington. In this case,
the accretion process could have strong feedback to the
SN explosion. Here we consider three feedback mecha-
nism: 1) accretion disk radiation; 2) Blandford-Znajek
jet (Blandford & Znajek 1977); and 3) Blandford-Payne
outflow (Blandford & Payne 1982).
We treat the disk evolution as multi-color blackbody,
then the effective temperature of the disk is (Strubbe &
Quataert 2009)
σT 4eff =
3GMBHM˙f
8piR3
×
1
2
+
14 + 32f
(
10M˙
M˙Edd
)2(
R
RS
)−2
1/2

−1
,
(11)
where f = 1 − (Rms/R)1/2, RS = 2Rg, and rg =
GMBH/c
2. Rms is the marginally stable orbit radius in
3unit of rg, and is expressed as (Bardeen et al. 1972; Page
& Thorne 1974)
Rms = 3 + Z2 − [(3− Z1)(3 + Z1 + 2Z2)]1/2, (12)
where Z1 ≡ 1+(1−a2)1/3[(1+a)1/3 +(1−a)1/3], Z2 ≡
(3a2 + Z21 )
1/2. Here, a = JBHc/(GM
2
BH) is the BH spin
parameter. The disk luminosity is thus given by
Ldisk = 2
∫ Rout
Rms
2piRσT 4effdR. (13)
In our case (super-Eddington accretion), we find that
Ldisk ∼ 0.2LEdd ∼ 5× 1038erg s−1(MBH/20M).
The BZ jet power could be estimated as (Lee et al.
2000; Li 2000; Wang et al. 2002; McKinney 2005; Lei &
Zhang 2011; Lei et al. 2013; Liu et al. 2017)
LBZ = 1.7× 1050a2
(
MBH
M
)2
B2H,15F (a) erg s
−1, (14)
where F (a) = [(1 + q2)/q2][(q + 1/q) arctan q − 1] with
q = a/(1 +
√
1− a2). BH is the magnetic field strength
threading the BH horizon, which could be estimated by
equating the magnetic pressure on the horizon to the
ram pressure of the accretion flow at its inner edge (e.g.
Moderski et al. 1997),
B2H
8pi
= Pram ∼ ρc2 ∼ M˙accc
4pir2H
, (15)
where rH = (1 +
√
1− a2)rg is the radius of the BH
horizon. In our case, the BZ jet luminosity could be
written as
LBZ(t) = ηBZM˙trc
2

(
t
ttr
)10
, tstart 6 t < ttr(
t
ttr
)
, ttr 6 t 6 tend
(16)
where ηBZ = 0.52a
2F (a)/(1 +
√
1− a2)2, we have ηBZ =
0.0008 for a = 0.1, and ηBZ = 0.17 for a = 0.9. When
the SN expands to a radius of RSN, it will roughly take
tB ∼ 3000 s × L−1/3BZ,45θ4/310oR2/313 M1/310 for the BZ jet to
breakout the SN material (Bromberg et al. 2011). Since
the breakout timescale is smaller than the termination
timescale of the accretion process, the BZ jet very likely
penetrates through the SN envelope. In this case, most
of the BZ jet power would dissipate outside of the SN in-
stead of injecting energy into the SN material. Therefore,
the feedback effect from BZ power could be neglected
here.
On the other hand, the BP outflow luminosity could
be estimated as (Armitage & Natarajan 1999)
LBP =
(BPms)
2r4msΩ
2
ms
32c
, (17)
where rms = Rmsrg is the marginally stable orbit radius.
Ωms is the Keplerian angular velocity at the marginally
stable orbit radius, which could be calculated as
Ωms =
c3
GMBH
1
(R
3/2
ms + a)
. (18)
The poloidal disk magnetic field BPms has a relationship
with the magnetic field strength threading the BH hori-
zon BH as (Blandford & Payne 1982)
BPms = BH
(
rms
rH
)−5/4
. (19)
In our case, we can derive the BP outflow luminosity as
LBP(t) = ηBPM˙trc
2

(
t
ttr
)10
, tstart 6 t < ttr(
t
ttr
)
, ttr 6 t 6 tend
(20)
where ηBP is efficiency which depends on the BH spin
parameter
ηBP ≡ 1
16
(
1 +
√
1− a2
)1/2 R3/2ms
(R
3/2
ms + a)2
. (21)
We have ηBP = 0.006 for a = 0.1 and ηBP = 0.013 for
a = 0.9. Comparing with the BZ jet, BP outflow is
less collimated, therefore most of the BP power could be
injected into the SN envelope.
In this scenario, the SN bolometric luminosity can be
expressed by (Arnett 1982)
LSN(t) = e
−
(
t2
τ2m
) ∫ t
0
2
t
τ2m
Lheat(t
′)e
(
t′2
τ2m
)
dt′ (22)
where τm is the effective diffusion timescale,
τm =
(
2κMej
βvc
)1/2
(23)
where κ is the opacity of the SN ejecta, β = 13.8 is a
constant for the density distribution of the ejecta. Here
we take 1
Lheat(t) = Ldisk(t) + LBP(t) + LNi(t), (24)
where LNi is the heating power from the radioactive de-
cay of 56Ni.
3. RESULTS
Depending on the orbital separation of the binary sys-
tem d and the supernova properties, such as the ejecta
mass Mej and the explosion energy Esn, the accretion
feedback power Ldisk + LBP could be larger, compara-
ble or smaller than the radioactive decay heating power.
For the last case, the SN lightcurve would behave as a
normal core collapse SN. It is very difficult to justify the
existence of a companion BH. But for the first two cases,
the SN lightcurve could be significantly altered.
1 For cases we are interested, LBP is always larger than Ldisk.
4For instance, when the accretion feedback power is
much larger than the radioactive heating power, we
find that the SN lightcurve would show a sharp peak,
whose luminosity could reach the order of 1044erg s−1,
as luminous as the super luminous supernovae (Gal-Yam
2019, for a review). Here we show an example in Fig-
ure 1, where d = 1013 cm, Mej = 5M, Esn = 1051
erg, vmin = 50 km s
−1, MBH = 20M, a = 0.5 and
MNi = 0.5M are adopted. In the literature, a newly
formed magnetar is commonly proposed to be the energy
source of SLSNe (Kasen & Bildsten 2010; Woosley 2010).
For comparison, we also plot the SN lightcurve when the
heating power is dominated by a magnetar with spin pe-
riod P = 5 ms, and dipole magnetic field B = 1014 G.
The lightcurve of our model and the magnetar model are
clearly different. For our model, the accretion feedback
would terminate when the inner boundary of the ejecta
passes over the BH, so that the SN lightcurve would un-
dergo a rapid decay after the peak, and then change to
the normal decay as powered by the radioactive decay.
But for the magnetar model, the energy injection always
continues, so that the SN lightcurve is always dominated
by magnetar power, which would undergo a relatively
slow decay after the peak. Such different lightcurve be-
haviors could help us distinguish whether the SLSN is
powered by our model or the magnetar model.
On the other hand, when the accretion feedback power
is comparable to the radioactive heating power, we find
that the SN lightcurve would show a plateau feature.
Here we also show an example for this case in Figure
1, where d = 3 × 1013 cm, Mej = 5M, Esn = 1051
erg, vmin = 50 km s
−1, MBH = 20M, a = 0.5 and
MNi = 0.5M are adopted. For comparison, we also plot
the SN lightcurve when the heating power is dominated
by a magnetar with spin period P = 6.5 ms, and dipole
magnetic field B = 7 × 1013 G. In this case, the SN
lightcurve of our model would also undergo a rapid decay
after the plateau feature, which is clearly distinct from
the magnetar model.
4. CONCLUSION AND DISCUSSION
In this letter, we propose that if the BBH systems de-
tected by LVC are formed from isolated binary evolution,
the supernova signal associated with the second core col-
lapse would show some identifiable features, due to the
accretion feedback from the companion BH. When the
feedback power is much greater than the radioactive de-
cay power, the supernova lightcurve could show a sharp
peak as luminous as the SLSNe (e.g. ∼ 1044 erg s−1).
When the feedback power is comparable to the radioac-
tive decay power, the supernova lightcurve could contain
a plateau feature. Finally, if the feedback power is much
smaller than the radioactive decay, no new features could
show up.
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Figure 1. Examples of SNe lightcurves the accretion feed-
back power from the companion BH is larger (upper pe-
nal) or comparable to (lower panel) the radioactive heat-
ing power.
In addition, the accretion of the companion BH is likely
to produce a jet via the BZ mechanism. The jet would
pass through the supernova envelope and produce X-ray
radiation through internal dissipation and multi-band af-
terglow radiation through external dissipation. These
signals will be the direct evidence to identify whether a
supernova signal is related to the BBH system. How-
ever, due to the beaming effect of the jet, the radiation
can only be seen within the jet opening angle. In the
future, with the development of X-ray and optical sky
survey project, the probability of jointly detecting jet re-
lated signal together with the supernova signal will be
greatly increased.
In principle, each binary evolution formed BBH system
would be associated with such a supernova signal that we
propose here, but only a small fraction could be identi-
fied, depending on the modification degree of the light
curve, and essentially depending on the properties of the
binary system, such as the orbital separation d. Assum-
ing the Ni mass produced in the supernova explosion
is 0.5M, the orbital separation d needs to be smaller
than 3.5 × 1013 cm 2 , in order to make the companion
2 Here, we have adopted values of the parameters presented in
5BH feedback larger than the radioactive decay power.
From the observation perspective, LVC gives a rough es-
timation for the event rate density of BBH mergers, e.g.
R = 53.2+55.8−28.2 Gpc
−3 yr−1(Abbott et al. 2019). LVC de-
tected BBH systems normally have two black holes with
several tens of solar masses. According to the simplest
estimation, the initial orbital separation for these sys-
tems should be smaller than 1.14 × 1013cm, otherwise
the merger delay time would be larger than the Hub-
ble time. Based on this, we can roughly estimate that
the event rate density for our proposed special super-
nova signals would be larger than 53.2+55.8−28.2 Gpc
−3 yr−1.
In future works, systematically searching for these sig-
nals from the supernovae archive data to provide their
event rate, would be helpful to justify whether the LVC
detected BBH systems is indeed originated from binary
evolution channel.
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